In situ single wavelength ellipsometry studies of high rate hydrogenated amorphous silicon growth using a remote expanding thermal plasma J. Appl. Phys. 88, 6388 (2000) We have investigated the optical properties of self-induced inversion-layer silicon photodiodes using spectroscopic ellipsometric measurement techniques. We report a self-consistent data set and dispersion relation for the optical constants of the thermally grown oxide layer. The oxide layer thickness and spatial uniformity of a series of custom manufactured 22 mm Â 11 mm rectangular diodes are evaluated. These photodiodes are used in a light trapping arrangement and exhibit predictable quantum efficiency and thus, predictable spectral responsivity. For comparison, we report measurements of the absolute spatial uniformity of the oxide layer on commercial "S6337" and "S1337" radiometric quality photodiodes. V C 2013 AIP Publishing LLC.
Optical constants and spatial uniformity of thermally grown oxide layer of custom, induced-junction, silicon photodiodes for a predictable quantum efficient detector
I. INTRODUCTION
A key outcome of the recently completed joint EMRP research project "Candela -towards quantum based photon standards" was the development and manufacture of predictable, quantum-efficient, silicon-based photo-detectors (PQED), comprising custom made induced-junction photodiodes arranged in a wedged light trapping arrangement. Complementing this outcome was the modeling work of Gran et al., 1 where an ideal quantum detector was proposed, taking into account deficiencies such as spectrally dependent reflection loss q(k, d) from the surface of the detector (dependent on wavelength k and oxide thickness d), internal charge carrier gain g(k), and spectral losses contributing to the internal quantum deficiency d(k). The general model, describing the responsivity R(k) of their quantum detector, was presented as
To predict the absolute responsivity R(k) of a PQED requires knowledge of the optical constants of the thermally oxidised layer of the custom photodiodes, as shown by Eq. (1). The aim, therefore, of the work presented here was to determine an optimised data set and dispersion relation for the optical constants of the thermally grown oxide layer and to measure the spatial variations in thickness, which would partially quantify the quality of the photodiode.
We report the extraction of a self-consistent data set for the optical constants of the SiO 2 layer of these self-induced photodiodes. The measurement process itself led to a measure of the oxide-layer thickness. In addition, the oxide-layer uniformity and thicknesses of two commercial photodiodes are evaluated and reported.
Historically, the viability of using induced-junction silicon photodiodes as detectors of optical radiation was first reported by Hansen 2 in 1978. His work described the fabrication and characterisation of thermally oxidised p-type silicon, a process whereby a natural inversion layer occurs, forming an np-junction. The self-induced inversion-layer photodiodes demonstrated sensitivity, comparable over the region of wavelength from 200 nm to 500 nm to the best commercially available, UV enhanced, pn-type silicon photodiodes of the time. Indeed, their response still compares very favourably with present-day commercially available UV enhanced silicon photodiodes.
A proposal to improve upon the calibration accuracies attainable by use of the conventional silicon photodiode self-calibration technique, 3 which is limited in accuracy to a few parts in 10 4 using commercial pn-type photodiodes, was presented as a theoretical study of induced-junction, reverse-biased silicon photodiodes. 4 It was stated that it should be possible to construct a primary standard of optical radiant power of custom induced-junction photodiodes, able to be self-calibrated at an uncertainty approaching 1 ppm, using the device at 77 K. A simple wedged light-trapping design 5, 6 has been demonstrated 7, 8 as sufficient to realise a PQED detector, with total reflectance losses of order 1 ppm, given that the diffuse reflectance from the surface of the photodiode is of the same order. As ellipsometry is central to the work reported here, we give a short overview of the measurement technique. Measured ellipsometric quantities are expressed as psi (W) and delta (D) . These values are related to the optical properties of the material, through the ratio of the Fresnel reflection coefficients r p and r s (polarisation p (0 ) and s (90 )) of the sample, by the relationship 
where q is the complex reflectance ratio. For the PQED photodiodes, data were obtained from two spatially different points on each of the three photodiodes, generating six data sets. In analysing the ellipsometric data, the SiO 2 layers of the three PQED photodiodes were coupled in the model (Table I) , assuming an interfacial layer thickness between the p-type silicon substrate and the SiO 2 layer of nominal 1 nm thickness and intermediary optical constants, as discussed by Herzinger. 13 We used the VASE library data for the optical constants of the silicon substrate and interface layer when evaluating the optimised fit to the three-layer model. We did not vary the optical constants of the interface layer when optimising the fit for either the PQED photodiodes or the Hamamatsu (naming of commercial equipment, for accurate identification, does not imply NIST endorsement) photodiodes. This gave a sound basis for comparison purposes.
A data set of optimised optical constants for the coupled SiO 2 layers was extracted from the model and used to generate reflectance data at all angles for different polarisation states. From this, we calculated the minimum number of specular reflections required to meet the design goal of 1 ppm or less residual transmitted radiation, across the visible wavelength spectrum, of the PQED trap detector.
In conjunction, reflectance data were acquired at 15 , 18
, 27 , 30 , 36 , and 45 angle of incidence, from 300 nm to 1700 nm, also at 20 nm steps for the PQED photodiodes. These angles were chosen to coincide with the internal reflection angles of two wedged trap configurations, whereby the angle between the two diodes b equals either 9 or 15 . 7 We spatially measured the oxide-layer thickness of four widely used radiometric-quality photodiodes, three Hamamatsu S1337's and one S6337 (now the S1337-18), using the procedure and model outlined above. In optimising the model, we set the thickness of both the SiO 2 and interfacial SiO 2 -Si layer as free parameters, set the refractive index of the SiO 2 layer as a free parameter, and held the refractive index of the interfacial layer constant. Measurement points were spatially separated by 1.5 mm, at a resolution of 10 lm.
Two of the S1337 photodiodes were cleaned in an ultrasonic bath for approximately 5 min with acetone, followed by an isopropyl alcohol rinse of 3 min duration and the oxide layer thickness re-measured.
III. RESULTS AND DISCUSSION
The results are presented in chronological order: oxidelayer thickness and spatial uniformity of the commercial photodiodes, optical constants and dispersion relation of the custom photodiodes, and the absolute spatial uniformity measurement of the oxide layer of the custom photodiodes.
A. Hamamatsu photodiodes
The results of Table II show the mean oxide-layer thickness of an area 8 mm Â 8 mm square, sampled at regular intervals across the surface. The (xx) indicates that no year marking was visible on the photodiode. The stated uncertainties for the mean spatial thickness represent the standard deviation of the measurements of that data set. Individual points had a typical standard uncertainty of 60.03 nm, as calculated by the ellipsometer.
The measured oxide layer thickness was consistent with measurements reported previously in the literature, 14,15 which gave us confidence in the analysis of the PQED photodiodes.
Spatial uniformity plots are shown in Figs. 1 and 2 for the S1337 (xx) and S6337 photodiodes, respectively. The results for the two diodes that were cleaned in the ultrasonic bath for approximately 5 min are listed in Table III .
The results show an average reduction in oxide layer thickness of approximately 0.4 nm, which we attributed to the removal of accumulated impurities from the surface. The surface, however, was not visually inspected either before or after the cleaning process.
B. Optical constants of the oxide layer of induced-junction PQED photodiodes A major aim of this work was to determine the optical constants of the oxide layer of the induced-junction photodiodes, in order to refine the model described by Eq. (1). The refractive index of the oxide layer of these photodiodes is reported in Table IV . From these results, a dispersion relationship was developed and translated to the PQED quantum deficiency model, from which absolute spectral responsivity values could be predicted in accordance with Eq. (1).
We fitted the values of 
where the wavelength k is expressed in units of lm. The relationship (3), although filtering the data somewhat with respect to wavelength, encapsulates the results, ensuring the values are readily available for calculations and other applications. From Fig. 3 , it is apparent our measured values for the refractive index of the thin films of thermally grown SiO 2 are 0.3% to 0.4% higher than those reported by Philipp (Palik), Brixner, and Malitson [16] [17] [18] for bulk glasseous SiO 2 . However, our results are in much closer agreement with values reported by Herzinger et al., 13 particularly across the operatingwavelength region of the silicon photodiodes, 300 nm to 900 nm, 60.02% (k ¼ 1). It is evident that the bulk fusedsilica values are not as well suited to these PQED photodiodes as our values. It is pointed out here for clarity that the values in Philipp 16 were derived by Brixner 17 from the original work of Malitson 18 and relate to bulk glasseous SiO 2 . The spectral residual, shown by the bottom curve in Figure 3 , represents an uncertainty propagated when using the functional representation described by Eq. (3). The standard deviation of the residuals, across the wavelength range, is 60.02% of the measured spectral refractive-index values presented in Table IV .
We attributed the magnitude of the oscillatory behaviour, noticeable in the difference between the modelled SiO 2 refractive index and our fit function, as being partially related to our measurement setup. The wavelength selection used in the polarisation measurement is determined by a monochromator. The residuals could be influenced by the wavelength accuracy of the data. There are clear indications that support this view. The highest residuals occur at the short wavelengths, with the exception 1600 nm to 1700 nm where the dispersion is largest, and the residuals display an oscillatory behaviour that could be due to a periodicity of the direct-drive mechanism of the monochromator. Malitson reported 18 using high-accuracy single wavelengths in his measurements. As an example, at 500 nm, a 1 nm shift in wavelength relates to a change of 6 in the 5th digit of the refractive index.
The wavelength uncertainty doubtless was a factor in the larger residuals. More work needs to be done to quantify this aspect, especially considering that over the entire wavelength range, the average absolute residual is of the order 63 Â 10 À4 . This implies that the dispersion relation could be used to propagate values of the refractive index to the fourth significant figure. In Fig. 4 , we show a plot of the refractive index of the thermally grown oxide layer expressed as a function of the experimentally derived dispersion relation and in Fig. 5 , we show the fitted raw W and D data.
In Table V , we list the refractive indices for the Si-SiO 2 interface layer. These values were obtained from the Woollam VASE V R ellipsometer database and are reprinted here for clarity. The Si-SiO 2 interface layer is discussed by Herzinger et al. in their paper. 13 The layer is built by a   FIG. 3 . Comparison of the relative difference Dn/n (top curve) in refractive index n, of thermally grown SiO 2 (reported in Table IV ) and the values given by Philipp 16 for glass. The difference in values between the modelled SiO 2 refractive index (Table IV) Bruggeman effective-medium-approximation (EMA) model of 50% Si and 50% SiO 2 .
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C. Spatial thickness of the oxide layer of induced-junction PQED photodiodes
The model described in Table I was used as the basis for these measurements, assuming an initial interface layer thickness of 1 nm. Results for the averaged oxide-layer thickness uniformity scans, for each of the 3 diodes, are given in Table VI . Uniformity plots of the spatial scans are presented in Figures 6-8 , respectively. The uniformity and oxide layer thickness measurements of the self-induced photodiodes showed they were spatially uniform to within 60.9 nm across the usable surface of the photodiode. The nominal thickness represents the target thickness for the fabrication facility and any difference between the nominal and actual is simply a measure of how well the oxide deposition process evolved.
Each point in a scan was measured with a typical standard uncertainty of 60.03 nm, as calculated by the ellipsometer. For a discussion on the validity of assumptions made in propagating experimental measurement uncertainties through to uncertainties in the model fit and an interpretation of confidence limits and their relation to covariance matrices and VASE V R basics, the reader is referred to Refs. 12 and 20. Angular reflectance data, generated from the model using the optimised data set, was compared with experimentally measured data of the three PQED photodiodes. The measured and generated data sets were in agreement across the visible wavelength range, within the estimated measurement uncertainty of 63%.
IV. CONCLUSIONS
We have determined the refractive indices of thermally grown oxide on induced-junction custom silicon photodiodes and fitted a dispersion relation to the results. This has contributed to a more robust model for predicting the spectral responsivity of quantum efficient light-trapping detectors assembled from these photodiodes. Further, we have spatially mapped the oxide-layer thickness of these diodes in order to evaluate the uniformity and demonstrated them to be of similar quality to commercial photodiodes.
We have also spatially mapped radiometric quality photodiodes, the results of which are included for reference. We recorded a nominal 3 nm oxide-layer thickness difference between S1337's manufactured in 1995 and 1997, 31.7 nm compared with 28.6 nm. It was also observed that upon cleaning the S1337 diodes with alcohol, the layer thickness decreased by approximately 0.4 nm. This was attributed to the removal of accumulated impurities from the surface layer. The consistency in the re-measurement of the diodes after cleaning demonstrates the reproducibility of the measurement technique.
It is pointed out that wavelength uncertainties associated with the monochromator contributed to the observed residuals. These uncertainties could be alleviated to a degree with a wavelength calibration of the system. It is suggested that more work could be done to quantify this aspect, with the aim of improving the dispersion relation.
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